UV LIGA involves the exposure of SU-8 negative resist, using a UV mask aligner, to produce high aspect ratio pillars or microchannels as part of the manufacturing process for microsystems. This has been made possible by the widespread use of a UV sensitive resist SU-8. Many papers have been written on the Fresnel diffraction theory of exposure, some key properties of SU-8 and prototype applications, but little attention has been paid to the variation in parameters that affect the tolerances and hence the reproducibility with which component dimensions can be maintained. It will be shown that the accuracy and precision, with which a feature on a mask can be reproduced throughout a thick resist structure, will depend on key parameters in the set-up of the mask aligner, the material properties of the SU-8 resist and the thickness of the resist structure. A simplified optical exposure model is used to predict the dimensions and wall taper angles of resist pillars or microchannels and their variation with changes in these parameters.
Introduction
UV LIGA is now gaining popularity as an industrial manufacturing process, yet very little attention has been paid to the tolerances involved or their theoretical basis.
Lithography for semiconductor fabrication is much concerned with the reproducibility and accuracy with which mask dimensions are transferred to the resist. High aspect ratio microstructures (HARM) required for MEMS have additional dimensional problems due to the significant thicknesses of the resists used, for example several hundreds of microns compared with a few hundred nanometers. This is illustrated in figure 1 , which shows a darkfield mask used to define a pillar of resist, and figure 2, which shows a lightfield mask used to define a microchannel in a resist. In both cases, a negative resist is used and there is an alignment difference between the edge of the mask and the feature edge at the top of the resist (O T ) and between the edge of the mask and the feature edge at the bottom of the resist (O B ). In addition, features at the top and bottom of the resist are not necessarily vertically aligned with one another; hence the wall angle φ = tan
−1 H/(O T − O B ) is close to but not exactly 90
• . This represents a new set of problems for the lithographer, who may have a conflicting set of design dimensions to meet.
The position of a feature in resist, relative to the edge of a mask feature, is a combination of effects due to the optics of the wafer aligner, optical interactions in the resist and the pre-exposure and post-exposure processing of the resist.
Deviations from the true mask position due to optical effects are caused by Fresnel diffraction, which produces varying illumination of the resist in the shadow region under the mask. Simultaneously, UV radiation is absorbed as the depth of the resist (z) increases. The combination of these two effects is the basis of the model used to predict dimensional changes.
Resist processing effects for a given resist mixture can cause dimensional variations due to changes in (1) the pre-bake temperature and bake time to remove solvents after spinning the resist to the desired thickness, (2) the temperature and duration of the post-bake to cross link the exposed resist and (3) the temperature of the developer and development time in order to remove the unexposed resist.
Varying the pre-bake time over 10-40 h at 95
• C has been investigated and a change in the transmission of SU-8 noted [1] . This could be interpreted as changes in attenuation coefficient (<0.05 cm
/pre-bake hour). The effect of the post-bake temperature and duration has been examined [2] showing a small effect for the time taken (0.005 µm s −1 ) but a significant variation due to the post-bake temperature chosen (0.9 µm • C −1 ). Developer temperature variations have been studied as part of a Taguchi-based experiment [3] but with insufficient data published to enable realistic parameters to be derived.
There has been no systematic study of all of these effects for high aspect ratio microstructures, and the fragmentary results that exist are mainly qualitative rather than quantitative. Hence, an integrated model from which process-induced variations can be estimated has yet to be developed. Thus, it will be assumed that the resist processing is more or less that recommended by the manufacturer of SU-8 [4] , that these process parameters accurately reproduce the optical exposure model and are invariant.
The model will show that O T and O B (and hence the wall angle ) are affected by three sets of parameters, namely:
• Settings of the mask aligner, i.e. the exposure intensity (J (0) ), the wavelength (λ) and bandwidth (dλ) of the irradiating source and the proximity gap (g) between the mask and the resist surface.
• SU-8 values for absorption coefficient (α) as a function of λ, the refractive index η and the terminal gelation dose (D T ) • Thickness (H ) of the resist used to define the height of the microstructure.
UV exposure model
The various wavelength components of the exposure intensity are attenuated throughout the resist by the resist absorption coefficient for that wavelength of energy. Hence, the irradiance at a depth (z) vertically into the resist is given by
where α is the absorption coefficient of SU-8 resist as a function of energy (E) and
is the irradiance at the top of the resist (measured in mJ cm −2 ). The resist is exposed by the dose received, measured in J cm −3 at a depth z into the resist. The relationship between the dose and the irradiance is given by
To demonstrate the model calculations and their interpretation, edge diffraction [5] will be assumed, i.e. that the x, y dimensions of rectangular features and their separation from one another on the mask are large compared with the Fresnel number (equivalent to >20 µm for a typical UV LIGA application). Hence,
where the Fresnel number u = x/ 0.5λ(g + z/η) and J Z is the constant irradiance at a depth z, well away from the diffracting edge (e.g., >20 µm) and where x is the lateral distances in µm (x = 0 at the mask edge), z is the vertical distance in µm, g is the proximity gap between the UV source and the top of the resist, λ is the wavelength of UV irradiation, η is the refractive index of SU-8. Equation (3) may be rewritten in terms of the dose (J cm −3 ) rather than irradiance (mJ cm −2 ) and with D Z replaced by equation (2) . Attenuation over the short distances in the x direction may be ignored.
Equation (4) is the basis of the simplified exposure model and is sufficiently accurate to link the resist dose at a depth z (at x = −∞) determined by absorption, to the dose in the lateral direction x, determined by Fresnel diffraction. The resist is considered to be developable to the point where the exposure energy is less than the gelation energy or terminal dose, after which the resist will be washed away during development, i.e. when
The offsets and wall profiles can be calculated from these isoterminal dose points, i.e. by calculating the value of x from equation (4) at which equation (5) is satisfied. This simplified model also fits closely with the diffraction model derived from a more rigorous analysis [6] .
Analysis
It is difficult to obtain accurate data for the SU-8 absorption coefficient, as a function of wavelength, or for the terminal gelation energy. A useful set of absorption coefficients is available in the literature [4] , which will be used throughout the calculations unless otherwise stated. The gelation energy or terminal dose D T is rarely covered in the literature although a value of about 1.5 J cm −3 (30 mJ cm −2 ) has been measured [2, 6] and 1 J cm −3 estimated [7] . The value 1.5 J cm −3 will be used for the model calculations. Similarly, there have been few references to the refractive index, or its variation, in the literature. What exists suggests that it is a weak function of wavelength (e.g., changes by 0.3% over 350-380 nm) but gives no indication how it might vary, for example, with exposure or the resist properties A major difficulty in comparing the simplified model above, either with published models or experimental results, is that very few authors specify all seven of the parameters identified in this study as potentially affecting the values of the offsets O T and O B and the wall angle .
Applying equation (4) at a varying depth into the resist (z) enables the wall profile to be calculated from top to bottom of the resist. Figure 3 shows the result of calculating the edge profile for a pillar of SU-8 defined with a mask width of 15 µm, J 0 = 1800 mJ cm −2 , λ = 320-380 nm, g = 100 µm and H = 157 µm (see figure 9(a) from [8] , where the bars represent the uncertainty in translating dimensions from the published micrograph). The terminal dose D T = 1.5 J cm −3 gives a good fit but D T = 1.4 J cm −3 is better and is shown here. This demonstrates that the model discussed above is sufficiently accurate to predict the wall profile of the resist and, in comparison with other less well-specified results in the literature, suggests that the simplified model can be satisfactorily applied to resists up to a thickness (H ) of at least 500 µm.
Values for the tolerances to the top and bottom offsets and the wall profile, for a typical production UV LIGA system, can be estimated by defining a 'standard' exposure process along with the key parameters of a 'standard' SU-8 material and by varying the six parameters defined in the model. Table 1 gives the values defined.
Typically, the resist processing conditions would be a prebake at 95
• C for an hour, a post-bake at 95
• C for 30 min and development in Microchem's SU-8 developer for 20-30 min.
In practice, there is more control over the mask aligner parameters for exposure and the proximity gap. Figure 4 shows the result of varying the exposure over the range 300-1000 mJ cm −2 , i.e. a top dose variation of 9-29 J cm −3 for a resist thickness of H = 250 µm. It will be seen that increasing the exposure causes the offsets to increase, and for there to be a marginal decrease in the wall angle. A relatively low dose can cause the edge at the bottom of the resist to emerge from the shadow region of the mask edge. Note that this process produces a tapered wall, which may be required in some applications. However, the process gives only marginal ( 0.1
• ) control over the wall angle and which will be close to 90
• . Mask Correction Exposure Figure 6 . Exposure and mask correction data for vertical walls. Figure 5 shows the effect of varying the proximity gap. At a constant exposure dose, the wall offsets increase with a widening gap. At a relatively large gap, the top offset exceeds the bottom offset and the wall angle is a fraction less than 90
• . At lower gaps, the bottom offset exceeds the top offset and the wall angle is a fraction over 90
• . Thus, there is a unique set of conditions at which the wall angle is 90
• . For a 100 µm thick resist, these conditions are 500 mJ cm −2 exposure dose and a proximity gap of 45 µm. If the exposure dose is kept constant but the resist thickness is required to be 250 µm, then the proximity gap has to be decreased to 5 µm, which is impractical for high yield, low defect fabrication. However, if the dose is increased to 900 mJ cm −2 , a 90
• wall angle can be obtained and the proximity gap can remain fixed at a practical 45 µm.
This suggests a simple operational procedure for applications where either a 90
• wall and/or a dimensionally accurate (i.e., no offsets) resist image is required. Figure 6 shows the correct exposure dose for vertical walls and the edge correction that must be made to the mask feature. Using this procedure, a perfect transfer of the mask feature into the depth of the resist can be achieved, assuming no 'proximity effects' between close features (e.g., <20 µm).
Dimensional tolerance model
From a simple statistical approach to the accumulation of tolerances:
where , etc) can be determined by experience with routine production eventually but, as little data are currently available, reasonable figures have been assumed to illustrate the methodology and to get estimates of the overall tolerances (see table 1 ).
The partial coefficients for tapered and vertical wall features are shown in figure 7 , from which it could be anticipated that the offsets are only sensitive to the material parameters for the terminal gelation dose and the attenuation constants. Figure 8 shows that, once the estimated parameter variations on a manufacturing line are considered, exposure dose variations are also significant. Figure 9 shows a similar trend for the wall angle variations, although they are relatively small. It may be possible by reducing the exposure dose and increasing the proximity gap to produce an average controlled taper of about 0.5
• . • Using the same methodology as discussed above, the variation in top offset, bottom offset and the wall angle can be recalculated as a function of resist thickness. Figure 11 summarizes the results for the vertical wall regime.
For a typical application, for example the fabrication of microfluidic channels at a 50 µm channel width, the channel width can be maintained to a tolerance of ±2 µm (4%) at the top of the channel, ±0.7 µm (2%) at the bottom and the wall angle to 90% ± 0.09
• . Figure 10 also shows that the tolerances are minimal for a resist thickness of 200-300 µm.
Discussion
A methodology has been demonstrated that will enable design rules and tolerances to be estimated for a UV LIGA manufacturing process. Versions of figures 6 and 10 can be obtained to parametrize any given process with the predicted manufacturing tolerances.
A simplified optical model, taking into account the effects of diffraction at the edge of a mask feature and absorption through the depth of the resist, has been used to calculate partial differential coefficients with respect to six key parameters.
Estimates of the variations in these parameters, along with the coefficients, form the basis of a statistical model to predict the dimensional tolerances in a typical manufacturing line. In general, the proximity gap of the mask aligner, and the absorption coefficients and terminal gelation dose of the resist, will cause most of the dimensional variations.
The methodology may be extended to include other significant variables from the process line, particularly the pre-bake, development and post-bake conditions applied to the resist. These variables have not been included in the present model, which has concentrated on the optical aspects of resist exposure.
